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ABSTRACT
We report a new star formation history for the Tucana dwarf spheroidal galaxy, obtained from a new look at a deep HST/ACS colour-
magnitude diagram. We combined information from the main sequence turn-off and the horizontal branch to resolve the ancient
star formation rates on a finer temporal scale than previously possible. We show that Tucana experienced three major phases of star
formation, two very close together at ancient times and the last one ending between 6 and 8 Gyr ago. We show that the three discrete
clumps of stars on the horizontal branch are linked to the distinct episodes of star formation in Tucana. The spatial distribution of
the clumps reveals that each generation of stars presents a higher concentration than the previous one. The simultaneous modelling
of the horizontal branch and the main sequence turn-off also allows us to measure the amount of mass lost by red giant branch stars
in Tucana with unprecedented precision, confirming dwarf spheroidals to be excellent laboratories to study the advanced evolution of
low-mass stars.
Key words. galaxies: dwarf – galaxies: evolution – galaxies: stellar content – Hertzsprung-Russell and C-M diagrams – stars:
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1. Introduction
Resolved stellar populations provide a valuable tool to peer into
the past of nearby stellar systems. The stellar colour-magnitude
diagrams (CMDs), and the ability to obtain spectra for individ-
ual stars, give us the opportunity to reconstruct very detailed star
formation histories (SFHs) for our closest neighbours, as well
as to probe their chemical enrichment and internal dynamics
(see, e.g., Mateo et al. 1998; Gallart et al. 2005; Tolstoy et al.
2009, and references therein). While the Local Group is home
to only three massive galaxies, smaller systems are much more
numerous, allowing comparative studies for a substantial sample
of galaxies.
One of the discoveries coming from the observations of
Local Group dwarfs is that even very simple systems such as
dwarf spheroidal galaxies (dSphs) host complex populations of
stars, that range in metallicity, kinematics and spatial distribu-
tion. Aside from the very complex stellar populations of galax-
ies like Carina and Fornax (e.g., Smecker-Hane et al. 1994;
Beauchamp et al. 1995; Stetson et al. 1998), this has been de-
tected also in simpler dSphs, such as Sculptor and Sextans (e.g.,
Majewski et al. 1999; Bellazzini et al. 2001; Tolstoy et al. 2004)
and seems to be common in low mass galaxies. While several
scenarios have been put forward to explain this phenomenon,
such as galaxy mergers (Amorisco & Evans 2012; del Pino et al.
2015), supernova feedback (e.g. Salvadori et al. 2008; Revaz
et al. 2009), and tidal interaction with larger galaxies (Pasetto
et al. 2011), the origin of these complexities is still unclear.
Certainly, an understanding of the processes that leave this im-
print in the stellar population of dwarf galaxies would be a sig-
nificant step forward to explain galactic formation and evolution.
Similarly to other nearby dSphs, the Tucana dSph has been
found to host distinct stellar components (e.g., Bernard et al.
2008; Monelli et al. 2010a). Unlike most of the Local Group
dSphs, which are satellites of M31 and the Milky Way, Tucana
currently resides at the periphery of the Local Group, at a dis-
tance of ∼ 890 kpc (Bernard et al. 2009). This means that this
galaxy has spent at least several Gyrs away from the enviromen-
tal disturbance of a large galaxy, but it is likely to have been a
satellite of the Milky Way until ∼ 10 Gyr ago (Fraternali et al.
2009; Teyssier et al. 2012).
The distance of Tucana from the Milky Way is also a com-
plication when it comes to its observational characterisation, re-
quiring photometric studies to be performed with high resolu-
tion instruments such as the Hubble Space Telescope (HST), as
it has been done as part of the “Local cosmology from isolated
dwarfs” (LCID) project (Monelli et al. 2010b, hereafter M10.
See Fig. 1). In this paper we look again at these beautiful data
taking advantage of a new method (Savino et al. 2018) to model
the CMD of Tucana including the horizontal branch (HB). This
approach makes use of the simultaneous modelling of all the fea-
tures observed in the CMD, to measure the SFH with improved
resolution. Thanks to quantitative models of the HB, we obtain a
detailed measurement of the early star formation in this galaxy,
resolving distinct phases of activity.
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Fig. 1: The HST/ACS CMD of the Tucana dSph, corrected for
distance and dust extinction, from Monelli et al. (2010b). The
morphology of the HB is corrected for RR Lyrae variability. The
major CMD features are indicated. The arrows mark the position
of the HB gaps. The crosses on the left-hand side illustrate the
average photometric uncertainty as a function of magnitude.
2. Dataset
The photometric data we use in this analysis have been acquired
with the ACS camera, on board of the HST, as part of the LCID
project and have been presented in M10. The dataset consists of
deep exposures in the F475W and F814W passbands, covering
a field of view of ∼ 3′.4× ∼ 3′.4 (for reference, the tidal radius
of Tucana is ∼ 3′.7, Mateo et al. 1998). We complement these
data with the catalogue of RR Lyrae from Bernard et al. (2009),
derived from the same LCID observations. When modelling the
HB, it is critical to remove the effect of the variability of the
stars in the instability strip. To this end, we cross-matched the
positions of the detected RR Lyrae with the photometric cata-
logue, substituting to their observed magnitudes their intensity-
averaged magnitudes. This is very close to the “static” magni-
tude that these stars would have if they were not pulsating (Bono
et al. 1995). In this way, we are able to reconstruct the intrinsic
morphology of the HB. To allow the comparison between mod-
els and observations, we transform the photometry into the ab-
solute photometric reference frame, using the distance modulus
(m − M)0 = 24.74 and the extinction AV = 0.094 (Bernard et al.
2009).
The resultant (F475W − F814W) vs F814W CMD is shown
in Fig. 1, where the superb quality of HST photometry can be ap-
preciated. Despite the distance of this galaxy, stars are resolved
down to ∼ 1.5 magnitudes below the oldest main sequence turn-
off (MSTO). Among the features that can easily be identified,
are a prominent HB and a plume of bright blue stars emerging
from the MSTO. The HB clearly has a complex structure. This
was noted already by Harbeck et al. (2001), but it can be bet-
ter appreciated with the increased photometric precision of this
dataset. The distribution of stars across the HB is not uniform,
Fig. 2: Star formation rate distribution of Tucana, in the age-
metallicity plane, according to the SFH measurement of Monelli
et al. (2010b).
but has three distinct clumps of stars. These are separated by
lower stellar density “gaps” as indicated in Fig. 1 by arrows. The
HB stars to the red of the reddest gap also show a bifurcation in
magnitude. This is caused by stars that are evolving towards the
asymptotic giant branch from the blue HB, following a brighter
trajectory than red HB stars that are still in the early phases of
helium-burning.
3. Interpreting the HB of Tucana
A logical starting point for our analysis is to compare how well
the properties of Tucana’s HB match what we already know
about this galaxy. Tucana has already been subject to a detailed
photometric SFH analysis (M10) using the MSTO and the red
giant branch (RGB). This SFH is given in Fig. 2 and shows that
Tucana is mainly composed of old stars, with the star formation
terminating between 8 and 10 Gyr ago. Fig. 2 also contains a
significant amount of star formation happening at ages younger
than 6 Gyr and low metallicities. This component, generated by
the fit of the blue plume above the MSTO, seems to defy the
age-metallicity evolution expected from galaxy evolution and it
is generally attributed to a population of blue stragglers, rather
than to genuine star formation. Indeed, Monelli et al. (2012) car-
ried out an extensive analysis of blue plume stars in Tucana, con-
cluding that they likely result from binary mass transfer, in ac-
cordance with what found in other dSphs (e.g. Momany et al.
2007; Mapelli et al. 2007).
As first step, we will adopt the M10 SFH to predict the mor-
phology of Tucana’s HB. From the SFH of M10, we generated a
synthetic CMD, modelling the evolution up to the tip of the RGB
with BaSTI isochrones (Pietrinferni et al. 2004, 2006). The stel-
lar phases after the tip of the RGB are modelled using a grid
of theoretical HB tracks, from the same group, covering a mass
range of 0.5 − 1.5M. This ensures that we are able to model
even the reddest and most massive HB stars of Tucana, as well
as the progeny of the blue straggler population. We adopt the
RGB mass loss prescription from Salaris et al. (2013).
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Although the BaSTI theoretical library has been recently up-
dated (Hidalgo et al. 2018), we chose to use the original mod-
els computed with the “canonical” set-up. This is because the
new BaSTI release is still limited to the scaled-solar chemical
abundance mixture, while α-enhanced tracks, more appropriate
to model Tucana’s old population, are currently being calculated
(Hidalgo et al., in prep.). For the HB tracks, the main differences
between the original and the new library are updated conduc-
tive opacities in the degenerate core, an updated abundance pat-
tern for the solar mixture and a different scaling between helium
abundance and metallicity. In the (F475W −F814W) vs F814W
CMD, this causes the new HB tracks to be slightly fainter (within
0.1 mags) and slightly bluer (within 0.05 mags) at fixed [Fe/H].
This difference is comparable to other sources of uncertainty in
our modelling, such as the distance modulus determination or
the precision of photometric colour indices on the HB, and it
corresponds to 1-2 bins when we convert the CMD to density
maps (see § 4.1).
3.1. The extension of the red HB
First we explore the colour extension of the HB and how it is
linked to the end of the star formation in Tucana. Before we
proceed we deem it useful to remind the reader how the pa-
rameters of a stellar population determine the temperature dis-
tribution on the zero-age HB (defined as the set of stellar model
properties at the beginning of the helium-burning phase). Stars
belonging to old stellar populations ignite core helium burning in
lower initial masses compared to younger counterparts with the
same chemical composition, and appear bluer on the HB. On the
other hand, at fixed age, increasing the metallicity increases the
mass of HB stars, moving them to progressively redder colours.
In case of chemical self-enrichment typical of galaxy evolution,
younger populations also tend to be on average more metal rich,
hence they will be redder than the older, more metal poor, com-
ponent. This straightforward picture is however complicated by
the effect of RGB mass loss. Increasing the mass lost along the
RGB will result in a lower HB mass for a given population age
and chemical composition, mimicking the properties of an older
and/or more metal poor population. Knowing this quantity is
thus fundamental for dating stellar populations through the HB.
The amount of mass lost at high metallicities is strongly con-
nected to the extension of the HB at the red end and it is a
critical factor in determining when the star formation ceased in
Tucana. Fig. 3 shows the observed HB and RGB of Tucana (up-
per panel) and our prediction obtained from M10’s SFH (lower
panel). Superimposed there is a BaSTI isochrone with age of
8 Gyr and [Fe/H] = −1.27. This stellar population is roughly
the youngest and most metal rich to have formed in Tucana,
according to M10. The isochrone nicely coincides with the red
boundary of the RGB, confirming the reasonable upper limit in
metallicity. For this stellar population, the initial mass of stars at
the tip of the RGB is 0.92 M. Also HB evolutionary tracks for
the same metallicity are plotted. The blue track corresponds to
a 0.76 M star. This is the resulting HB mass that is obtained,
from this stellar population, with an RGB mass loss of 0.16 M,
in accordance with our mass loss prescription. The red track is
for a 0.92 M star, which corresponds to no RGB mass loss at
all. It can be seen from Fig. 3 that the extent of the red HB in
Tucana is compatible with the SFH from M10 only if no mass
is lost on the RGB. This is not a realistic assumption. Assuming
a non-zero mass loss value implies that most of the stars on the
red HB have formed at more recent times. The higher the mass
loss value, the more recently the star formation stopped.
Fig. 3: Upper panel: Observed HB and RGB of Tucana. The
crosses on the left-hand side illustrate the average photometric
uncertainty as a function of magnitude Lower panel: Synthetic
CMD obtained with the SFH of Monelli et al. (2010b). A theo-
retical isochrone for t= 8 Gyr and [Fe/H] = -1.27, which has a
mass at the RGB tip of 0.92M, is superimposed (green). The
blue track represents the evolution of HB stars coming from this
stellar population and experiencing RGB mass loss as prescribed
by Salaris et al. (2013). The red track shows the evolution of the
same stars, but with no RGB mass loss.
3.2. The origin of the HB gaps
Another interesting difference is that our model HB does not
show the two prominent gaps seen on the HB of Tucana. These
features have been observed in several Local Group dSph galax-
ies and seem to be relatively common (e.g. Savino et al. 2015).
Gaps were also detected on the HB of Galactic globular clusters
(e.g. Catelan et al. 1998; Ferraro et al. 1998; D’Cruz et al. 2000).
However, the parameters governing the HB morphology have
different distributions in globular clusters and in dSphs, there-
fore it is unlikely that gaps in the two classes of objects share a
common origin. Nevertheless, we can take advantage of the tools
developed to analyse the statistical significance of the HB gaps
in globular clusters and apply them to Tucana.
There is, in fact, the possibility that the drop in stellar counts
its simply due to stochasticity. Following the procedure laid out
in Catelan et al. (1998) we calculate the probability that sam-
pling a uniform stellar distribution along the HB would result
in underpopulated regions as observed in Tucana. We found this
probability to be 6.95 ·10−4 for the redder gap and 2.05 ·10−14 for
the bluer gap. Such low probabilities are due to the high number
of stars on the HB of Tucana and suggest that the gaps are real
features.
As already mentioned, the age and metallicity evolution of
galaxy stellar populations tend to move the colour of helium-
burning stars from the blue to the red. The presence of gaps in
the colour distribution of the HB could thus be interpreted as dis-
creteness in the age and metallicity distribution of stellar popula-
tions in the galaxy. However, the morphology of the HB is deter-
mined by the combination of SFH and RGB mass loss. We thus
3
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(a)
(b)
Fig. 4: Mock SFHs used to explore the origin of the HB gaps.
a): Star formation distribution in the age-metallicity plane for
the prolonged SFH. b) Star formation distribution in the age-
metallicity plane for the bursty SFH.
explore whether the presence of clumps on the HB is necessarily
caused by distinct stellar populations or if it can arise because
of sharp variations in the RGB mass loss as a function of stel-
lar parameters. We investigate this question by examining the
morphology of synthetic HB models, calculated with different
assumptions on the shape of the SFH and the mass loss function.
We examine three cases. The first is a prolonged event of star
formation (Fig. 4a), that roughly matches the age and metallicity
range of Tucana. In this first case, the stars lose mass according
to a smoothly increasing function of metallicity, following the
relation presented in § 4.3. The second case uses the same SFH,
but with a discontinuous, step-function, mass loss that obeys the
relation:
∆MRGB =

0.08 M if [Fe/H] < −2.1,
0.14 M if − 2.1 ≤ [Fe/H] < −1.55,
0.20 M if [Fe/H] ≥ −1.55.
(1)
These values have been selected to match the average of the
smooth mass loss relation over the same metallicity interval.
The third case is calculated with the smooth mass loss function
and with a SFH composed of three distinct star formation events
(Fig. 4b).
The synthetic HBs from the three set-ups are shown in Fig. 5,
along with the observed HB of Tucana. A continuous SFH and
a continuous mass loss predictably result in a uniformly popu-
lated HB. The interesting result is that having discontinuities in
the mass loss is not sufficient to create gaps in the HB. The only
way of creating these features is to have a complex SFH, com-
posed of distinct star formation events. The inefficiency of mass
loss in creating gaps in the HB stellar distribution was already
suggested by Savino et al. (2015), analysing the Carina dSph,
and it is further supported by this experiment, indicating that a
clumpy HB is most likely due to discontinuous star formation
episodes.
4. Global modelling of Tucana’s CMD
The work laid out in the previous section has highlighted how
the features present on the HB contain a wealth of information
that can be exploited to obtain a more detailed SFH than from the
MSTO/RGB alone. In this section we present a global modelling
of the CMD of Tucana, that combines the modelling of the HB
with that of other evolutionary features, such as the MSTO, to
provide an updated SFH for the Tucana dSph.
4.1. The set-up
We model the CMD using MORGOTH (Savino et al. 2018).
MORGOTH is a SFH recovery method that uses synthetic CMDs
to model all the evolutionary phases up to the beginning of the
thermally pulsating asymptotic giant branch. This permits us to
exploit the information contained in the HB. As the morphology
of the HB is dependent on the RGB mass loss, this quantity is
left as a free parameter that is measured along with the SFH.
The total amount of mass lost on the RGB by a given star is
assumed to have a linear dependence on metallicity. The proce-
dure MORGOTH uses to treat the HB model generation ensures
that the number counts and stellar distribution across the CMD
are always consistent with the mass loss adopted. We refer the
reader to Savino et al. (2018) for more details.
To generate synthetic CMD models we need several ingre-
dients. As mentioned in § 3, we use stellar isochrones and HB
evolutionary tracks from the BaSTI theoretical library. We gen-
erate the synthetic models using a Kroupa initial mass function
(Kroupa 2001) and a binary fraction of 0.4, as done in M10. The
models are calculated covering ages from 1 to 14 Gyr, with a bin
size of 0.5 Gyr, and values of [Fe/H] from –2.6 to –0.6, with a
bin size of 0.2 dex. The CMDs are transformed into density maps
(Hess diagrams) with a bin size of 0.05 mags in both colour and
magnitude. We exclude the faintest 0.5 magnitudes from the fit.
This region is well below the MSTO and is heavily affected by
incompleteness and photometric uncertainties, which are diffi-
cult to model in this low signal to noise region.
Due to the distance of Tucana, no direct measurements have
been possible to determine the detailed chemical properties of
its stars. For old populations, stars with the same global metal
abundance [M/H], but different values of [α/Fe], will have very
similar structures (Salaris et al. 1993). However, the opacity of
the stellar atmosphere is much more sensitive to the chemical
pattern (Cassisi et al. 2004), especially in the blue region of the
spectrum, thus affecting the observed magnitudes and colours.
It is thus important to make a realistic assumption about the
α-enhancement profile of Tucana. We expect the oldest stars
to be α-enhanced, as observed in the Milky Way halo and in
many old stellar systems. However, younger and more metal
rich stars, are likely to have a scaled-solar mixture or even be
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Fig. 5: The observed HB of Tucana (upper left), along with the synthetic HB obtained with different SFHs and mass loss prescrip-
tions.
α-depleted (Tolstoy et al. 2009). The metallicity at which [α/Fe]
starts to decrease and the slope of its relation with [Fe/H] de-
pend on the chemical enrichment history of the galaxy. For our
modelling we use the [α/Fe] vs [Fe/H] profile of the Sculptor
dSph, from spectroscopic measurements (Battaglia et al. 2008;
Tolstoy et al. 2009). Broadly speaking, Sculptor has similar stel-
lar mass and formation history to Tucana, motivating our as-
sumption. We assume all stars with [Fe/H] < −1.84 to have
[α/Fe] = 0.4. For higher [Fe/H], the alpha enhancement de-
creases with d[α/Fe]d[Fe/H] = −0.64, down to a minimum value of
[α/Fe] = −0.2. In section 4.4 we discuss the impact of adopt-
ing a different alpha enhancement profile.
Finally, we need to model photometric uncertainties and in-
completeness. This is done by means of artificial star tests, which
we take from M10. These tests are made by injecting synthetic
stars into the observation images and measuring their photomet-
ric properties, and they tell us the photometric error distribution
and the completeness level as a function of position in the CMD.
We use this information to include observational effects in the
synthetic CMDs.
4.2. The best-fit model CMD
We run MORGOTH with the set-up described in the previous sec-
tion and obtain the best-fit CMD shown in Fig. 6. The agree-
ment with the observed CMD, also shown, is good. The broad
morphology of all the stellar evolutionary phases is well recon-
structed, including the colour extension of the HB. From the
analysis of the residuals, approximately 64% of the Hess bins
where at least one star is observed have their star counts repro-
duced within one Poisson uncertainty and approximately 98%
have it within three Poisson uncertainties.
However, certain regions of the CMD show structures in
the residual map. A clear discrepancy between the model and
the observations regards the position of the RGB bump (located
around F814W = 1). Such difference is not particularly prob-
lematic as it is long known that theoretical RGB bump lumi-
nosities are overpredicted at the level of 0.2-0.4 magnitudes (Di
Cecco et al. 2010; Monelli et al. 2010a; Cassisi et al. 2011; Troisi
et al. 2011). The other major differences regard the stellar dis-
tribution on the HB. Although our model HB is not uniformly
populated, it is not as clumpy as the observed HB. This creates
clear residuals at the position of the observed HB gaps, espe-
cially for the bluer gap. Additionally, we seem to underpredict
slightly the stellar counts in the reddest part of the HB. The fact
that we are unable to completely eliminate these problems on the
HB is not too surprising. Both the HB and the MSTO are very
sensitive to the SFH. As we are, for the first time, quantitatively
combining the independent constraints from these two regions to
obtain a self-consistent SFH, some degree of disagreement is to
be expected. However, the global morphology of the HB still has
a significant influence on the fit and on the features of the new
SFH. Furthermore, we can use the results of § 3 to evaluate the
impact of these discrepancies on the interpretation of the SFH
we recover.
4.3. The RGB mass loss
The simultaneous modelling of multiple, age sensitive, CMD
features breaks the degeneracies on the HB and allows us to
measure the RGB mass loss parameters that best reproduce the
observations. From our full MORGOTH CMD modelling we re-
cover a mass loss that follows the relation:
∆MRGB = [Fe/H] × (0.089 ± 0.014) + (0.300 ± 0.025) M (2)
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Fig. 6: Observed (left) and best-fit (centre) Hess diagrams for Tucana, colour coded by stellar density. The right panel shows the
stellar count residuals, expressed in terms of the Poisson error.
with a correlation between the slope and zero-point of the rela-
tion of 0.995.
The RGB mass loss of our model is shown in Fig. 7,
along with other measurements from the literature, derived from
Galactic globular clusters and from the Sculptor dSph. Estimates
for the total RGB mass loss in globular clusters were obtained
by Gratton et al. (2010) and Origlia et al. (2014). The systematic
difference between these two studies can be ascribed to the com-
pletely independent methodologies used. Gratton et al. (2010)
calculated the mass loss from the median colour of the HB.
However, globular clusters are known to host a significant num-
ber of stars with enhanced helium abundance (more than 50%
in most cases, Milone et al. 2017). Helium-enhanced popula-
tions have bluer HB colours for a given total RGB mass loss and
population age, because they have a lower MSTO mass. Using
the HB median colour without accounting for the helium abun-
dance thus results in a systematic overestimate of the RGB mass
loss rate. In contrast, Origlia et al. (2014) measured the infrared
excess of RGB stars and this approach relies on several assump-
tions about the properties of the circumstellar material. In par-
ticular, the gas-to-dust ratio used results in a very conservative,
low value, of the RGB mass loss. The mass loss relation in the
Sculptor dSph has been obtained by Salaris et al. (2013) and
Savino et al. (2018) using an analogous approach to this work.
The two measurements also show some differences. However,
the large uncertainties can easily account for this.
In agreement with other studies, we find that stars of increas-
ing metallicity lose more mass. Quantitatively, our measurement
lies in between the results of Gratton et al. (2010) and Origlia
et al. (2014), obtained from Galactic globular clusters, and it is
compatible with the measurement of Salaris et al. (2013) and
Savino et al. (2018) for the Sculptor dSph. In spite of the sizeable
uncertainties on the slope and zero-point of our mass loss rela-
tion, the correlation between these two quantities makes the un-
certainties on the total RGB mass loss small. The nominal uncer-
tainty on the total mass loss is less than 0.003M for [Fe/H] be-
tween –1.9 and –1.6, where most of Tucana’s stars are. However,
the mass sampling of our HB model grid is 0.005M, so this
number is a more realistic lower limit for the measurement un-
certainty. For stars outside this metallicity range, where we have
less constraining power, the measurement error is smaller than
0.015M.
4.4. A new SFH for Tucana
Fig. 8 shows the SFH corresponding to our best-fit CMD, in the
age-metallicity plane (Fig. 8a), and the star formation rate as a
function of cosmic lookback time (Fig. 8b). The SFH is also re-
ported in Table 1. We warn the reader that the individual star for-
mation rates are highly correlated with each other and the listed
uncertainties should not be used without the full covariance ma-
trix. Fig. 8 shows that the majority of Tucana’s stars formed more
6
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(a)
(b)
Fig. 7: Total RGB mass loss as a function of metallicity, as mea-
sured from our modelling. The black solid line shows our mea-
surements and the dashed black lines mark the one sigma confi-
dence interval. a) Comparison with measurements obtained, on
globular clusters, by Gratton et al. (2010) (blue), Origlia et al.
(2014) (red). b) Comparison with measurements obtained, on the
Sculptor dSph, by Salaris et al. (2013) (blue) and Savino et al.
(2018) (red).
than 11 Gyr ago, in line with M10. However, our model contains
an extended tail of star formation, persisting until 6 Gyr ago. We
stress that this younger and more metal rich population is not
caused by the plume of blue stragglers. The ages that our model
infers for these stars, in fact, are all younger than 5.5 Gyr, in
accordance with M10. Rather, the more extended SFH is the re-
sult of the extension of the red HB. Integrating the SFH, with a
Kroupa initial mass function (Kroupa 2001), results in a stellar
mass (at formation) of 3.13 ± 0.14 · 106M within the observed
field of view.
The SFH is clearly not unimodal, but rather it is composed
of three distinct star formation phases. The two stronger events
occurred very early on and are separated by ∼ 1 Gyr, with the
second being 0.6 dex more metal rich than the first one. The last
(a)
(b)
Fig. 8: a) Best-fit SFH in the age-metallicity plane, colour coded
by star formation rate. b) Corresponding star formation rate as a
function of cosmic lookback time. The red histogram represents
the best-fit SFH from Monelli et al. (2010b).
star formation event, of lower intensity, started about 10 Gyr ago
and lasted for several Gyr, with metallicities as high as [Fe/H] =
−1.0.
The recovery of the SFH from the CMD analysis relies on
a number of measurements and assumptions to create the syn-
thetic stellar population models. For this reason it is important to
perform a sanity check and verify the robustness of our results
with respect to these inputs. To this end, we repeated the SFH
measurement many times, varying parameters such as distance,
reddening or binary fraction. We also used different [α/Fe] vs
[Fe/H] relations, varying the knee position and the slope of the
relation. We also repeated the measurement assuming all stars to
have either α-enhanced ([α/Fe] = 0.4) or scaled-solar compo-
sition. The complete list of input set-ups is reported in Table 2,
where we quantify the change in the resulting SFH through the
Kolmogorov-Smirnov distance:
DKS = sup | F(t) − F′(t) | (3)
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Table 1: The SFH corresponding to our best-fit model CMD. The
table lists the mean [α/Fe], [Fe/H] and age of the SFH bins, the
corresponding star formation rate and its uncertainty. The bins
have a width of 0.1 dex in [α/Fe], 0.2 dex in [Fe/H] and 0.5 Gyr
in age. The star formation rate is assumed to be constant in the
bin. The complete table is available in the electronic version of
the paper.
[α/Fe] [Fe/H] Age SFR σS FR
Gyr M/yr M/yr
0.40 -2.5 1.25 1.27 · 10−6 7.38 · 10−7
0.40 -2.3 1.25 2.58 · 10−6 5.55 · 10−7
0.40 -2.1 1.25 2.09 · 10−6 5.29 · 10−7
0.40 -1.9 1.25 1.97 · 10−7 3.08 · 10−7
0.31 -1.7 1.25 3.31 · 10−6 1.76 · 10−6
0.18 -1.5 1.25 1.95 · 10−6 1.61 · 10−6
0.05 -1.3 1.25 9.91 · 10−7 1.07 · 10−6
-0.07 -1.1 1.25 1.98 · 10−7 5.04 · 10−7
-0.20 -0.9 1.25 1.08 · 10−7 3.41 · 10−7
-0.20 -0.7 1.25 7.10 · 10−7 9.39 · 10−7
0.40 -2.5 1.75 3.40 · 10−7 3.66 · 10−7
0.40 -2.3 1.75 2.32 · 10−7 3.91 · 10−7
0.40 -2.1 1.75 9.45 · 10−7 1.01 · 10−6
0.40 -1.9 1.75 2.41 · 10−7 4.37 · 10−7
0.31 -1.7 1.75 1.88 · 10−7 4.89 · 10−7
0.18 -1.5 1.75 1.64 · 10−6 2.17 · 10−6
0.05 -1.3 1.75 1.57 · 10−6 1.94 · 10−6
-0.07 -1.1 1.75 3.21 · 10−6 2.72 · 10−6
0.20 -0.9 1.75 1.42 · 10−6 1.86 · 10−6
0.20 -0.7 1.75 1.30 · 10−9 1.35 · 10−8
... ... ... ... ...
with F(t) and F′(t) being the normalised cumulative distribu-
tion functions of the star formation rate, as function of time, in
the nominal and modified set-up, respectively. DKS can assume
values between 0 and 1, with 0 corresponding to identical distri-
butions.
Although these tests changed slightly the details of the SFH,
none of the assumed set-ups significantly altered its shape.
The strongest effect on the SFH, especially when changing the
[α/Fe] profile, is the ability to resolve the two oldest star for-
mation events, which can become blended together. The tail of
more recent and metal rich star formation is the most resilient to
systematics in the modelling parameters, and it is always present
in our SFH. As for any other SFH measurement obtained from
CMD modelling, the uncertainties on the parameters adopted to
create the CMD models mainly affect the absolute age of the
stellar populations, rather than the relative age distribution. A
change in distance modulus of 0.05 mag, for instance, corre-
sponds to a change in the age inferred from the MSTO of 0.5
−1 Gyr, depending on metallicity.
Our analysis of the morphology of the HB demonstrates
that Tucana’s SFH is composed of three distinct star formation
events. These stellar populations correspond to the three stellar
clumps observed on the HB. This is evident from Fig. 9, that
shows a comparison between the observed HB of Tucana and
the synthetic HB coming from our model. In the synthetic CMD
we identify the stars that belong to the three distinct episodes
of star formation, and colour code them accordingly. Here we
can clearly see the age-metallicity trend along the HB, discussed
at the beginning of § 3.1. The position of the three star forma-
tion events on the HB matches that of the three observed stellar
clumps, as expected.
Table 2: Different set-ups employed to check the SFH depen-
dence on the input parameters. The table lists the distance mod-
ulus (m−M)0; the reddening E(B–V); the plateau, knee and slope
values of the [α/Fe] vs [Fe/H] relation; the binary fraction fbin;
and the Kolmogorv-Smirnov distance DKS of the resulting solu-
tion from the nominal solution.The first line shows the nominal
set-up. For each line, entries in bold mark the parameters that
deviate from the nominal set-up.
(m − M)0 E(B–V) Plateau Knee Slope fbin DKS
24.74 0.03 0.4 -1.84 -0.64 0.4 0
24.70 0.03 0.4 -1.84 -0.64 0.4 0.03
24.72 0.03 0.4 -1.84 -0.64 0.4 0.02
24.76 0.03 0.4 -1.84 -0.64 0.4 0.02
24.78 0.03 0.4 -1.84 -0.64 0.4 0.05
24.80 0.03 0.4 -1.84 -0.64 0.4 0.06
24.82 0.03 0.4 -1.84 -0.64 0.4 0.10
24.84 0.03 0.4 -1.84 -0.64 0.4 0.09
24.74 0.00 0.4 -1.84 -0.64 0.4 0.04
24.74 0.01 0.4 -1.84 -0.64 0.4 0.05
24.74 0.02 0.4 -1.84 -0.64 0.4 0.03
24.74 0.04 0.4 -1.84 -0.64 0.4 0.10
24.74 0.05 0.4 -1.84 -0.64 0.4 0.05
24.74 0.06 0.4 -1.84 -0.64 0.4 0.09
24.74 0.03 0 - 0 0.4 0.13
24.74 0.03 0.4 - 0 0.4 0.16
24.74 0.03 0.4 -1.70 -0.64 0.4 0.06
24.74 0.03 0.4 -2.00 -0.64 0.4 0.08
24.74 0.03 0.4 -1.84 -0.80 0.4 0.08
24.74 0.03 0.4 -1.84 -0.40 0.4 0.03
24.74 0.03 0.4 -1.84 -0.64 0 0.04
24.74 0.03 0.4 -1.84 -0.64 0.2 0.04
24.74 0.03 0.4 -1.84 -0.64 0.6 0.04
In light of the results of § 3.2, the inability of our model
SFH to reproduce the gaps on the HB, especially the bluer one,
suggests that we are underestimating the burstiness of Tucana’s
SFH. This happens because our solution is limited by resolu-
tion effects, and it means that the two older events of star for-
mation have a narrower distribution in age and metallicity than
predicted by our model. This limitation of our resolution is de-
termined in part by the photometric errors in the faint CMD
regions. Of course, other effects can also contribute to the dis-
crepancy, such as uncertainties related the colour excursions in
the theoretical HB tracks and potential systematics in the recon-
struction of the HB in the instability strip, where the gaps par-
tially reside. However, although these effects can exacerbate the
difference between our model and the observations, they are not
the only cause.
Our analysis is not the first detection of distinct stellar pop-
ulations in Tucana. Examining the luminosity function of the
RGB, Monelli et al. (2010a) reported the presence of two dis-
tinct RGB bumps. This was associated with the presence of two
distinct stellar components, differing in metallicity. Another in-
dependent detection has been made, by the same group, looking
at pulsational properties of the RR Lyrae (Bernard et al. 2008).
They divided the RR Lyrae into a “bright” and a “faint” sam-
ple, depending on their intensity-averaged magnitude, finding
that the two samples defined different sequences in the pulsa-
tion period-amplitude diagram and suggesting a difference in
metallicity between the two. These studies resulted in the con-
clusion that Tucana experienced two distinct events of star for-
mation, very early on during its formation and separated by
a short amount of time. This is confirmed by our model HB.
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Fig. 9: Upper panel: the observed HB of Tucana. Lower panel:
the synthetic HB from our model. Stars belonging to the oldest
star formation event are coloured in blue, those belonging to the
intermediate event are coloured in green and stars belonging to
the most recent event are coloured in red. The dashed lines mark
the approximate position of the instability strip.
From Fig. 9, it can be seen that stars belonging to the inter-
mediate event already enter the instability strip on the zero-age
HB. Because of this, they are predominantly detected as low-
luminosity RR Lyrae. In contrast, stars belonging to the oldest
and most metal poor star formation event spend most of their
life on the blue HB, and they cross the instability strip only when
evolving towards the asymptotic giant branch. This difference in
metallicity and evolutionary stage explains the higher luminosity
of these stars.
The stars that formed during the final star formation event
are confined to the reddest clump of the HB. These stars never
cross the instability strip, and hence never become RR Lyrae.
This is why no claims for a third star formation event in Tucana
could be made by previous studies. However, as we have demon-
strated, the presence of stars younger than previously thought is
required to explain the HB morphology. Furthermore, the fact
that our model underestimates the stellar counts on the red HB
is an indication that the third star formation episode experienced
by Tucana was stronger than we measure, possibly comparable
with previous two.
The exact duration of the final star formation event, as we
have shown, depends on the RGB mass loss at high metallicity.
At values of [Fe/H] & −1.5, our model predicts mass loss values
of 0.15-0.20 M, resulting in the star formation lasting roughly
2 Gyr longer compared to M10. Of course, a lower mass loss
value would soften the discrepancy between our determination
and the SFH of M10. We currently assume a linear dependence
of mass loss with metallicity, mostly due to computational con-
straints. Thus, any potential plateau of the mass loss value at
the high-metallicity end would not be recovered by the present
analysis. Such flattening at the high-metallicity end would also
explain why we underpredict the stellar counts on the red HB
clump, as too young models, necessary to reproduce the red HB
with a linearly increasing mass loss, would be ruled out by the
MSTO morphology. Clearly, a more sophisticated parametriza-
tion of the mass loss will need to be integrated in our proce-
dure to disentangle these two quantities. Nevertheless, any non-
negligible amount of RGB mass loss experienced by Tucana’s
Fig. 10: Left panel: the observed MSTO of Tucana. Right panel:
the synthetic MSTO from our model. The colour scheme is the
same of Fig. 9, with the addition of the colour cyan for all the
stars younger than 5.5 Gyr.
stars still implies that the star formation persisted for some time
after 8 Gyr ago.
The multiplicity of Tucana’s SFH could potentially manifest
itself in the structure of the MSTO. For this reason we plot in
Fig. 10 the observed and synthetic MSTO region, similarly to
Fig. 9. This time, we make an additional distinction, identifying
all the stars younger than 5.5 Gyr (cyan dots). This plot clearly
shows that the blue plume stars are almost entirely confined in
the sparse, very young, bins of our solution and thus they are un-
related to the last star formation event. Additionally, it is evident
that the photometric uncertainties in this region prevent a clear
separation of the star formation episodes. At this level of pho-
tometric precision, the old and intermediate population overlap
entirely. The young population extends to slightly bluer colours
on the subgiant branch and could tentatively be associated with
what appears to be a small overdensity at F814W ∼ 2.2 and
(F475W − F814W) ∼ 0.8. Interestingly, this feature seems to be
similar to the “spur” observed above the MSTO of the Sculptor
dSph (Hurley-Keller et al. 1999; Bettinelli et al. 2019).
4.5. The spatial variation of Tucana’s SFH
The association between the features on the HB of dSph galax-
ies and the different phases of star formation activity makes
it easy to determine the spatial distribution of their stellar
sub-populations. The radial gradient in the HB morphology of
Tucana was first reported by (Harbeck et al. 2001) who con-
cluded it was sign of a metallicity gradient. However, the quality
of the data available at the time allowed only to a comparison
between red and blue HB, with the first one sensitive to contam-
ination from the RGB. With the high photometric precision of
our HST/ACS dataset, we can measure the spatial distribution
of the three different HB clumps. This is shown in Fig. 11. The
coloured boxes in Fig. 11a represent our selection for the old,
intermediate and young age clumps. Care has to be taken when
selecting stars in the intermediate and red HB clumps, as these
regions are contaminated by lower mass HB stars that are evolv-
ing towards the asymptotic giant branch. These stars create the
magnitude bifurcation seen at (F475W − F814W) > 0.8, and if
they are not removed properly, they will soften the true radial
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(a)
(b)
Fig. 11: a) Our selection criterion to isolate the three HB clumps
of Tucana. The red and green box are designed to minimise con-
tamination from less massive stars evolving towards the asymp-
totic giant branch. b) Cumulative radial distribution of the HB
stars in the three clumps.
gradient. For this reason we selected stars in the intermediate
and red HB clump close to the zero age HB, thus minimising the
contamination from evolved stars. Our final selection consists of
367 stars in the blue clump, 206 in the intermediate clump and
308 stars in the red one.
The radial distribution of the three clumps is shown in
Fig. 11b. As expected, we find a spatial gradient in the distri-
bution of HB stars, which reflects a different spatial distribu-
tion of the distinct stellar generations. The older the population,
the more diffuse is its spatial distribution. The younger stellar
population, corresponding to the red HB clump is the most cen-
trally concentrated. Such radial segregation is statistically signif-
icant. A two-sample Kolmogorov-Smirnov test shows that the
young population has a probability of 1.69 · 10−6 to be drawn
from the spatial distribution of the intermediate population, and
a probability of 1.89 · 10−13 to have the same distribution of the
old population. On the other hand, the old and the intermedi-
ate stellar populations have a 4% probability to have the same
radial distribution. Such stellar population gradient is typical of
Local Group dSphs (e.g. Battaglia et al. 2008; Vargas et al. 2014)
and, in general, of low-mass galaxies in the local Universe (e.g.
Koleva et al. 2011; Pilyugin et al. 2015). The simplest interpre-
tation of these spatial gradients is that star formation in dwarf
galaxies proceeded “outside-in”. However, several studies have
shown that both internal (e.g. El-Badry et al. 2016) and exter-
nal (e.g. Benı´tez-Llambay et al. 2016) mechanisms can induce a
significant amount of stellar migration in low mass galaxies and
can even reverse the original spatial gradient. In this framework,
determining ages and radial profiles for the different subpopula-
tions of dwarf galaxies can provide an interesting testing ground
for such models.
5. Conclusions
In this paper we carried out an accurate CMD modelling of the
dwarf galaxy Tucana. Carrying on the work of Savino et al.
(2018), we confirmed how the simultaneous modelling of dif-
ferent features on the CMD is able to break the degeneracy be-
tween the SFH of a galaxy and the RGB mass loss experienced
by its stars, providing precise measurements for both. The deep
photometry provided by HST/ACS, with a reliable modelling of
the associated photometric uncertainties, permitted to recover a
self-consistent solution that satisfactorily reproduces the main
features of the CMD.
The increased precision on the determination of the RGB
mass loss provides useful constraints to theoretical models that
aim to reproduce and characterise the mechanism beyond this
poorly understood phenomenon. A comparison with previous
measurements on the Sculptor dSph (Fig. 7b), shows good agree-
ment within the uncertainties, suggesting that stars in different
galaxies might experience similar amount of mass loss. Clearly,
the modelling of deep CMDs from other external galaxies is re-
quired to ascertain whether a universal “mass-loss law” exists
for dSphs. If confirmed, such relation would be of great value
for the interpretation of the bright CMD in distant galaxies.
The simultaneous modelling of the HB and of the MSTO re-
vealed that the SFH of Tucana is composed of three independent
star formation events. The complexity of stellar populations in
dSphs, and their spatial gradients, have been long known (e.g.,
Harbeck et al. 2001; Bellazzini et al. 2001; Tolstoy et al. 2004).
However, whether these galaxies host distinct stellar populations
or a smooth gradient, in age or metallicity, is still unclear. Our
result suggests that dSphs are composed by discrete stellar sub-
populations, which can be clearly identified in the structure of
the HB, demonstrating the strong link between the morphology
of this CMD feature and the SFH of its galaxy. The radial distri-
bution of Tucana’s HB stars reveals a different concentration for
the different star formation events, with younger stars preferen-
tially found in the central regions of the galaxy.
The origin of these complex stellar populations is also de-
bated. Scenarios for the formation of these galaxies include
galaxy mergers (Amorisco & Evans 2012; del Pino et al.
2015), in-situ star formation modulated by supernova feedback
(Salvadori et al. 2008; Revaz et al. 2009) or tidal interaction with
larger galaxies (Pasetto et al. 2011). At present, observational
evidence is still not sufficient to provide a definitive answer.
Thanks to the sophisticated modelling of the CMD we have been
able, for the first time, to clearly separate these different subpop-
ulation in the SFH and constrain their age and duration, making a
step forward in our understanding of the early evolution of dwarf
spheroidal galaxies.
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